Cosmic ray muons are produced when high energy particles interact with nuclei in Earth's atmosphere. Muons make up the majority of charged particles that reach sea level and are the only particles (apart from neutrinos) that can penetrate to significant depths underground. The muon flux underground decreases approximately exponentially as a function of depth. We use a cosmic ray detector developed by the QuarkNet Program at Fermi National Laboratory to map the topography of the mountain above an abandoned Pennsylvania Turnpike tunnel by analyzing muon flux at different rock overburdens. Cosmic ray muons have been used in this capacity before to search for hidden chambers in pyramids and for mapping volcanoes. This study provides a unique field experience to learn about particle physics and particle detectors, which could be of interest to students and teachers in physics.
I. INTRODUCTION
Primary cosmic rays are produced from the sun, supernovae, black holes, and active galactic nuclei and include protons, electrons, and nuclei. When these primary particles encounter Earth's atmosphere, they interact with nuclei in the atmosphere and secondary cosmic rays are produced in the collisions. 1 Cosmic ray muons are produced in these reactions at (typical) heights of 15 km and have long decay lengths owing to time dilation. They are the most abundant charged particles at Earth's surface with a flux of one muon per cm 2 per minute. 1, 2 The flux decreases exponentially with depth as muons travel underground, which is why experiments such as the Super Cryogenic Dark Matter Search Experiment operate deep underground where this unwanted cosmogenic contribution is reduced to essentially zero. 3 Cosmic rays have been used for determining the amount of rock overburden on tunnels, imaging of volcanoes, and searching for hidden chambers inside pyramids. [4] [5] [6] [7] In this study, we mapped the topography of the mountain above the Rays Hill tunnel by measuring the cosmic ray flux inside the tunnel. Rays Hill is one of three original Pennsylvania Turnpike tunnels that were abandoned 8 in 1968. The tunnel is located between Bedford and Fulton counties in southern Pennsylvania and has a length of 1077 m (3550 ft). Figure 1 shows a topographic map of the tunnel and the surrounding area.
A bonus element of this study is the availability of cosmic ray detectors developed for outreach and research that are located in many high schools, colleges, and universities. This makes it convenient to repeat the experiment in different locations without the extra cost of purchasing equipment. For a non-exhaustive review of these experiments see Ref. 10 and for a recent classroom use of cosmic ray detectors in the undergraduate curriculum see Refs. 11-15.
II. EXPERIMENT
The cosmic ray detector we used was developed for the QuarkNet program at Fermi National Accelerator Laboratory. 16 The schematic of the detector is shown in Fig.  2 . The plastic scintillators convert the muon ionization energy losses to electrical pulses, and the data acquisition board (DAQ) processes these pulses and sends them to a computer. For further information about this detector or particle detectors generally, see Refs. 16 and 17. The area of our scintillators is 0.25 m Â 0.25 m ¼ 0.0625 m 2 and the distance between the two scintillators is fixed at d ¼ 0:25 m. The tunnel has no electricity so a portable power pack was used to provide power for the detector and laptop computer. All the detector components were carried in a backpack and the detector was assembled outside the tunnel as shown in Fig.  3 . When everything was assembled, we entered through the western side of the tunnel and had enough power to collect 25 data points at 10 min intervals, which was sufficient for our purposes. In this configuration, we obtained flux data every 150 feet of horizontal distance into the tunnel.
III. RESULTS
A cosmic ray muon is counted if both plastic scintillators record a pulse above a certain threshold. The threshold voltage was fixed at 300 mV for each detector, which corresponds to a voltage of 30 mV before amplifier and after the photomultiplier tube (PMT). We assessed the uniformity and detection efficiency of our scintillators for cosmic ray muons by using a Geant4 Monte Carlo simulation, which simulates the energy losses of particles in the scintillator and the generation of optical photons and their passage through scintillator material and PMT. 18 We provided the detector geometry and different properties for the scintillator and the PMT used, and found the average number of photoelectrons in the PMT. We varied the location of the muon incidence within the scintillator and observed that the number of photoelectrons varied from 50 photoelectrons farthest away from the PMT to 400 photoelectrons closest to the PMT. We then calculated the voltage output for one photoelectron. Given a gain of G ¼ 3 Â 10 6 , time width of %7:5 ns, and output impendence of R ¼ 50 X, we obtained 19, 20 V ¼ q=tR % eGR=t % 3:0 mV. With a threshold of 30 mV at the PMT level, we are 100% efficient ( ¼ 1) anywhere in the scintillator for the number of photoelectrons reported from Geant4 simulation.
Another consideration is the accidental rate in the muon flux. With a single rate of %40 Hz and a coincidence window of 100 ns, the accidental rate is %0:0002 muons per second. Thus, the accidental rate is negligible across all rates we have in our data.
The vertical intensity
is commonly quoted in the literature, where A is the area of one scintillator counter and DX is the solid angle subtended by the top scintillator as viewed from a small area of the bottom scintillator. 1 The solid angle is crudely found to be DX % wl=d 2 % 1 sr for our detector geometry. The calculated vertical intensity is
given our measured flux of 5 muons per second outside the tunnel, which agrees with other surface level muon measurements in the literature. 1, 9 The vertical intensity measurement is an important benchmark to ensure proper working of our detector. The rate data collected are shown in Table I .
The area and solid angle of our detector are kept constant through all the measurements so we factored them out and used the rate directly to calculate the height. For the intensity versus depth curve, we used an empirical expression developed by Barbouti, 21 which is valid across the ranges of overburden we have. This formula is given by
where a ¼ 1:
À4 hg -1 cm 2 , and 1 hectogram ðhgÞ ¼ 0:1 kg. The measured rate was used in conjunction with Eq. (2) to determine the overburden depth. Figure 4 shows the actual topography 22 and the one obtained by cosmic ray flux measurements before we applied the solid angle correction. There are differences between the actual and the measured topography, particularly around the peak. In order to understand the disagreement, we used the MUSIC Simulation Code, 23 where we generated muons at the surface level according to the known energy and angular distribution as specified in Ref. 1, and provided the two dimensional shape of the mountain. The code propagates cosmic rays through rock by simulating their energy losses, multiple Coulomb Scattering, and other processes. The detector geometry and the number of events were the same as in the experiment. Figure 4 shows that the simulation follows the experimental data more closely than the actual topography, hinting that the solid angle is the source of the discrepancy. The error bars both in data and simulation are statistical only.
We examined the possibility of improving our measurements by correcting for the solid angle. The sketch in Fig. 5 aids us in the following discussion. The solid angle is the same for different locations (x 1 , x 2 , and x 3 ) in the tunnel, as represented by the zenith angle variation Dh, but the corresponding horizontal resolutions (r 1 ; r 2 , and r 3 ) are different because of the different heights (z 1 , z 2 , and z 3 ). The resolution gets worse with increased height, which is consistent with the observed larger discrepancies around the peak, as seen in Fig. 4 . A detector located at point x 3 accepts events within the Dh zenith angle or within x 3 6r 3 , consequently there is a smearing effect where measurements at one particular location are correlated with measurements at different locations. The unfolding techniques are used to extract true distributions from measured ones. 24, 25 The folding and (inverse) unfolding processes are described by the Fredholm integral of the first kind. The integral for folding (convolution) is given by 
where H 2n ðnÞ are the Hermite Polynomials, c n ðrÞ ¼ ðÀ1Þ n r 2n =ð2 n n!Þ are expansion coefficients, and Kðr; u À xÞ is the Gaussian convolution function. An expansion in terms of Hermite Polynomials is very useful because of the orthogonality condition Ð e Àx 2 H n ðxÞH m ðxÞ dx / d nm . The Gaussian smearing is localized in the vicinity of the point in consideration with a range of 6r. It is reasonable to assume a piecewise linear mountain profile within this range, hence D m ðuÞ can be expressed as a linear combination aH 0 ðuÞ þ bH 1 ðuÞ. Given the orthogonality condition, the only non-vanishing contribution in the inverse Gaussian kernel is from the H 0 ½ðx À uÞ=rKðr; x À uÞ term, which is just the Gaussian function since H 0 ½ðx À uÞ=r ¼ 1.
A Gaussian function was therefore used to unfold the true heights h t from measured heights h m in light of the above discussion, giving
where rðiÞ is the resolution at position x(i), given by rðiÞ % Dh zðiÞ ¼ Dh h m ðiÞ. The zenith angle variation Dh was extracted from a least squares optimization by comparing the fitted data with the actual profile, and was found to be 0.37 rad. The resolutions are, for instance, 0:37 m at a height of 1 m and 60 m at a height of 160 m. We draw the attention to the fact that in the absence of the solid angle corrections these resolutions determine the minimum size of a cavity that can be resolved as a function of height of the cavity. Figure 6 shows the topography after we applied the unfolding to both data and simulated events. There is now good agreement between the actual topography and the data. The experimental results are closer to the actual topography than the simulation results, mainly because the simulation does not account for non-homogeneities of the rock and is limited to two dimensions.
The experimental measurements could be made more precise by increasing the collection time and decreasing the solid angle. However, we needed to complete the data collection within one day for it to be a practical field trip experience. A smaller solid angle makes unfolding corrections smaller. In the simulation, we examined a scenario where the solid angle decreased by approximately a factor of ten (increase distance d by a factor of 3.3). The reduction of the solid angle yields a reduction in Fig. 4 . The actual topography (solid), along with the topography obtained using cosmic ray muon data (square-dashed) and simulation (triangle-dotted) before applying solid angle correction. muon rate by a factor of $37 due to the much smaller acceptance of our telescope. At the same time, we increased the overall counts in the simulation by a factor of 10, resulting in a time interval that is 37 Â 10 ¼ 370 times longer compared to the actual experiment performed. In this scenario, one would need about two-and-a-half days to collect a single data point, or about two months to complete the entire 25-data-point experiment. When collecting data for such long times, one should consider the environmental effects such as pressure variation in cosmic ray flux, which were negligible in our short time window.
IV. CONCLUSION
We determined the topography of the mountain above the Rays Hill tunnel using cosmic ray muons. We found that the solid angle was the main limiting factor for our measurements, but were able to overcome this limitation by applying an unfolding technique. The topography obtained from cosmic ray measurements after correcting for the solid angle agrees remarkably well with the actual topography. Any small disagreement is ascribed to multiple Coulomb Scattering and non-homogeneity of the rock overburden. The measurement presented in this paper can be used to look for rock overburdens in tunnels or large cavities in caves while providing an excellent field experience for high school or undergraduate students, allowing them to learn about particle detectors and particle physics.
